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Abstract 
In the past, factory improvement measures have focused on cost optimization and agility increases, while neglecting the potential effects on 
material and energy efficiency. Production lot sizes, for example, have been determined solely with respect to cost and logistical performance. 
This paper presents a method to simulate material and energy efficiency in the factory as a function of lot size.  Using the example of a plastics 
manufacturer, the simulation results reveal a gap between the lean optimum lot size and the material efficiency optimum.  
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1. Introduction and Motivation 
While factory management improvement measures have a 
positive effect on logistical and cost metrics, they may have 
undesired effects on energy consumption and material 
efficiency, which negatively influence cost and ecological 
sustainability. This connection is evidenced by significant labor 
productivity gains in past decades, with only moderate gains in 
material and energy efficiency [1]. 
To find the balance between manufacturing cost and 
logistical performance, factories have employed a number of 
economic lot size calculations over the last century [2]. In the 
past 20 years, these calculations have been challenged by lean 
philosophy that favors smaller lot sizes over their larger, purely 
cost-minimized counterparts, due to the reduced capital lock-up 
and the ability to react quickly to changing customer needs [3]. 
Production lot size affects not only logistical and cost goals, but 
also energy consumption and material waste, and thereby the 
environment. Set-ups consume energy and consumable 
materials; therefore, the interruption to the production process 
can result in considerable startup losses [4]. On the other hand, 
inventory shrinkage due to rust formation, mold growth, or 
mechanical damage can occur as a result of large lots [5].  
In order to determine the optimal production lot size from 
the environmental perspective, the research team developed a 
simulation-based method in the ultra-efficiency factory project 
funded by the state of Baden-Württemberg. This paper 
discusses the application of this simulation method at a plastics 
manufacturer to identify the ideal lot size for injection molding.  
2. State of the Art 
2.1. Optimal Lot Size Calculations 
Historically, lot size calculations were purely cost-based, 
weighing the set-up costs (e.g. labor, machine depreciation), 
against  inventory cost (e.g. warehousing, depreciation/capital 
lock-up) [6]. The Harris lot size formula identifies the lot size 
with the smallest inventory and set-up cost per unit as shown in 
Equation 1 [7].  
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k = fixed set-up costs (per set-up) 
h = inventory costs (per unit and unit time) 
The Harris formula has been adapted over the years using 
dynamic models, most notably by Andler [6]. Recently, 
Grigutsch et al. developed a model considering the opportunity 
costs of reduced agility and service degree at high lot sizes, 
while Schmidt et al. consider half-finished goods and safety 
stock costs [8][9]. Both models resulted in a decrease in 
optimal lot size.  
Lean manufacturing practices question the validity of a cost-
oriented calculation. While economical, large lot sizes cause 
sluggishness in the production system (long average 
throughput time) and rigidity (capital lock-up), in turn reducing 
the return on capital [3].  
The every part every interval (EPEI) metric is employed in 
lean manufacturing to determine the ideal lot size.  This metric 
is also used to gauge the flexibility of a manufacturing process 
and is defined as time to produce a lot of each variant, as shown 
in Equation 2 [10]. 
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LS = Lot Size 
PT = Processing Time per unit 
CO = Change-over or Set-up Length 
R = number of machines working in parallel 
n = number of product variants produces on these machines 
A = technical availability of the machine 
The EPEI value is ideally the interval of new incoming 
orders, in most cases 1 day, although typical values are 
frequently higher than 20 days [10].   
By assuming the value of 1 day and solving for the lot size, 
an additional calculation method is defined in Eq. 3. 
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Alternatively, lean practitioners often recommend running 
the smallest possible lot size for the given capacity by 
calculating the free time available on every machine and 
dedicating this time for set-ups, as shown in Equation 4. The 
lot size then results from the number of set-ups that can be 
performed in the remaining time per day.  
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LS = Lot Size [units] 
V = Production Volume in time frame [units] 
WT = Working Hours in time frame [hours] 
PT = Processing Time per unit  
CO = Change-over or Set-up Length [hours] 
Depending on the number of variants and set-up duration, 
the two lean approaches (Eq. 2 and 4) generally yield 
significantly smaller lot sizes than the Harris formula (Eq. 1). 
Correspondingly, the set-up ratio is larger when using lean 
approaches [10]. 
2.2. Modeling Energy Consumption 
In manufacturing, energy consumption is calculated as the 
work of a machine or piece of equipment, estimated as a 
function of its operating mode. This can be broken down into a 
resource-attributed portion and a process-dependent portion, as 
shown in Equation 5 [12,11]. 
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W = Work 
n = Operating Mode 
x = Number of Operating Modes 
P = Power Consumption in Operating Mode 
T = Operating Mode duration in investigated time frame 
Over the duration of each operating mode, energy 
consumption is assumed constant. The DFG Ecomation project 
defines the set of operating modes: WORK, WARMUP WAIT, 
BLOCK, ERROR, SET-UP, OFF/STANDBY, and SAVE 
[12]. These modes support the assumption that the majority of 
energy consumption in manufacturing systems is continuous 
and deterministic.  
The Ecomation project classified energy-consuming 
equipment in four categories, characterized by their 
controllability, i.e. their ability to change operating mode under 
normal factory conditions [11]: 
x always on; 
x switched on/off commanded by machine control; 
x continuous state commanded by machine control; or 
x switched on/off or continuously controlled independently. 
2.3. Modeling Material Usage  
Material waste in machining operations has been modeled 
in an operating-state dependent manner (e.g. trim-loss in 
normal operation) or linked to the transition between operating 
states (e.g. start-up loss), as presented in Alvandi [13]. This 
method uses either measurement, or the results of more detailed 
material and process-specific models. 
Wear and aging operating materials and operating 
equipment has also been the subject of intensive simulation, but 
usually only for specific processes (e.g. cutting) [14].  
Inventory deterioration (or shrinkage) represents a portion 
of factory waste removed from machining operations and has 
been the subject of extensive modeling in the last 20 years, by 
assigning a product a shelf-life characteristic. At the meta level, 
goods are classified as deteriorating or vulnerable to 
obsolescence, then by their lifetime (fixed or random) and 
demand structure (stochastic or deterministic) [15]. 
3. Problem Statement and Approach 
After examining the opposing lot-size calculation methods 
discussed in 2.1, this paper strives to answer the question: How 
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does the ideal lot size with respect to material waste and energy 
consumption vary from the logistical or cost-optimum ideal? 
To address this problem, the theoretical behavior of material 
waste and energy as a function of lot size is derived from 
literature in 3.1. Then, using a modeling approach, a 
manufacturing process chain is simulated at different lot sizes, 
while tracking the amounts of material waste and energy 
consumption.  
In a case study of a plastics manufacturer, the simulation 
model determines the ideal lot size for material waste and 
energy consumption. These values are then compared with 
recommendations of Harris and Lean manufacturing, to 
examine the gap between manufacturing performance and 
resource efficiency.  
3.1. Expected behavior  
Building on the theory from the literature presented in 2.3, 
start-up losses may occur in the warm-up period following set-
up, making them analogous to set-up cost in the Harris formula.  
Inventory shrinkage depends on the shelf-life characteristic and 
is generally correlated with lot size, often exponentially [15]. 
The exponential correlation is seen in deterioration, due to 
longer holding times and suboptimal holding conditions, as 
well as technical obsolescence. For that reason, inventory 
shrinkage cannot be assumed proportional to the linear 
warehouse cost of the Harris formula.  
When examining trim-loss, auxiliary materials, and cleaning 
materials, they may either be inversely correlated with lot size 
(set-up materials), or insensitive to lot size (lot-size 
independent). Analogous to inventory shrinkage, multiple 
internal packaging materials (pallets, bins, containers) 
experience heavier wear and damage at high lot sizes, 
supporting a correlation with lot size.  
Assuming a machine is always in one of several possible 
operating states, energy consumption should be proportional to 
the duration of each state. The smaller the lot size, the more 
time spent in the set-up mode, and the larger the lot size, the 
more time spent in idling mode. If all energy modes had the 
same energy intensity, there would be no energy-optimal lot 
size.  
In practice, power and gas consumption in set-up or idling 
states generally does not exceed the consumption in normal 
operation. Set-ups generally require a partial shut-down of 
equipment, and restart, while idling fabrication processes rarely 
have significantly lower consumption than stand-by or sleep 
modes. For that reason, an energy optimum may be found at 
lower lot sizes if idling energy consumption is high, or at higher 
lot sizes if the set-up energy intensity is higher (e.g.. large cool 
down and warm up efforts). 
Reviewing the consumption curves, larger lot sizes are 
assumed preferable for minimizing material waste, while the 
ideal lot size for energy consumption varies by case. The 
optimal lot size for material waste is expected to be higher than 
the economic lot size by Harris, and significantly higher than 
lean recommendations.    
4. Methodology 
A system dynamics simulation-based method was chosen to 
examine the effects of production lot size on energy and 
material consumption. First a realistic model is created of a 
production environment, and then the production lot size is 
varied in a series of experiments, followed by an analysis. 
4.1. Modeling Resources (Material and Energy Sinks) 
Material and energy consumption are assumed to only occur 
at material and energy sinks, either workstations or buffers 
during a given operating mode (i.e. Off, Idle, Work, and Set-
up). The material depreciation rate and energy consumption 
rate are assumed dependent on the operating mode. The 
transitions between the modes (start-ups and shut downs) are 
also assumed to instantaneously increase material depreciation 
rates. 
Material buffers are modeled as single-mode sinks. 
Peripheral equipment, e.g. cutting fluid reservoir, is also 
modeled as a sink, with a limited set of modes. 
Sinks maintain operating modes while they fulfill the mode 
conditions, as shown in . The working hours are described in a 
predefined shift schedule. The material status is determined by 
if a whole lot size of a single variant is found in the feed puffer.  
The set-up status is determined by the current job load.  
The technical parameter status is the presence of a machine 
error. The length of the error is normally distributed.  
 
4.2. Production Job Entities 
Each job entity, describes a single product variant which 
requires a fixed production work flow. The job entities can 
travel from on work station to the next in this workflow only if 
enough entities for the required production lot size are 
available. The jobs travel through the factory causing material 
waste and energy consumption at the assigned workstations in 
the workflow. Only completed lots are handed over to the next 
downstream process.  
Figure 1: Conditions for maintaining operating mode 
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4.3. Modeling Energy Consumption 
The instantaneous energy consumption of each sink for a 
given product and operation mode is defined by Eq. 6. in the 
model, as presented by Kuhlmann et al. [16]. The values per 
product and operating mode are then summed up for each sink 
(Eq. 7 and 8) and integrated over the duration of each operating 
period (Eq. 9).  
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ܧሬറ:  Energy consumption of one sink for one product in one 
operation mode 
m :  kind of energy sources (e.g. power, gas, ...) 
y : depending parameters which influence the energy 
consumption  
ܧ ൌ ൫ܧሬറଵ൫ݐǡ ݕଵ ǥݕ௣൯ ǥ ܧሬറ௞ሺݐǡ ݕଵ ǥݕ௣ሻ൯  (7) 
E: Energy consumption of one sink producing the product 1..k 
in one operation mode 
k : kind of products on the sink 
ܧ௦௜௡௞ ൌ ሺܧଵ ǥܧ௡ሻ  (8) 
ܧ௦௜௡௞ǣEnergy consumption of one sink producing the product 
1..k in operation mode 1..n 
n : number of operation modes 
ܧ௦௜௡௞ሺݐሻ ൌ ׬ σ ܿ௠௢ௗ௘ሺݐሻ ൈ ܧ௠௢ௗ௘ሺݐሻ௡௠௢ௗ௘ୀ଴்௧ୀ଴   (9) 
 
ܧ௦௜௡௞: Energy consumption of one sink 
T : simulation duration  
n : number of operation modes 
c mode : 1 if sink is in mode  and 0 otherwise 
E mode : Energy consumption of one sink producing the 
product 1..k in operation mode 
4.4. Modeling Material Consumption 
Material depreciation for each operating mode can be 
modeled analogously to Eq. 9. However, material is not only 
devaluated by staying in an operating state, but also by discrete 
material depreciation through operating mode transitions (e.g. 
start-up losses).  
Therefore, there is a set of material depreciation vectors for 
each operating state (Eq. 10) and for each possible operating 
mode transition (Eq. 11). Analogous to the various energy 
forms in Eq. 6, each element represents the depreciation rate of 
a specific material (e.g. plastic rejects, chips, cutting fluids) for 
a certain sink, product variant, and operating mode or operating 
mode transition. These elements are dependent on a number of 
influencing factors, ݕଵ ǥݕ௣.  
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ܯሬሬറ:  Mode-dependent material depreciation for one sink, one 
operating mode, one product variant 
ሬܶറ:  Transition-dependent material depreciation of one sink 
due to a transition between two operating modes for one 
variant 
z :  kind of materials (e.g. rejects, chips,  cutting fluids) 
y : influencing parameters for material depreciation 
The individual depreciation rates are modeled according to 
the continuity of the waste generation (continuous to discrete) 
and the certainty of waste generation (deterministic to 
stochastic). For example, if the sink is a buffer, the material 
depreciation rate is assumed continuous and stochastic. The 
default material depreciation rate is dependent on stock level 
and a product-specific loss factor (Eq. 12): 
 
୆୳୤୤ୣ୰ୀsכ ݈(t)      (12) 
s:  stock level (units) 
l: loss factor (%/time unit) 
 
The total operating mode-dependent material depreciation 
ୱ୧୬୩can be calculated analogously to Eq. 10 (Eq. 13).  
  
ܯ௦௜௡௞ሺݐሻ ൌ ׬ σ ܿ௠௢ௗ௘ሺݐሻ ൈ ܯ௠௢ௗ௘ሺݐሻ௡௠௢ௗୀ଴்௧ୀ଴   (13) 
 
ܯ௦௜௡௞: Mode-dependent material depreciation of one sink 
T : simulation duration  
n : number of operation modes 
c mode = 1 if sink is in mode  and 0 otherwise 
M mode = Mode-dependent material depreciation of one sink 
producing the product 1..k in operating mode 
 
The transition-dependent material depreciation ୱ୧୬୩ is 
defined as shown in Eq. 14. 
 
௦ܶ௜௡௞ ൌ ݋ଵǡଶ ଵܶǡଶ ൅ ݋ଶǡଵ ଶܶǡଵ ൅ ڮ൅ ݋௡ǡ௡ିଵ ௡ܶǡ௡ିଵ (14) 
 
௦ܶ௜௡௞: Transition-dependent material depreciation of one sink 
o: number of transitions for each possible mode transition 
T:  transition-dependent material depreciation of one sink for 
each possible mode transition 
n : number of operation modes 
 
The total material depreciation for a sink is then:  
ܦ௦௜௡௞ ൌ ܯ௦௜௡௞ ൅ ௦ܶ௜௡௞    (15) 
ܦ௦௜௡௞: Total material depreciation for a sink 
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4.5. Required Data  
 
The data displayed in 1 is required for the completion of 
each simulation mode. The values can be measured or 
estimated. 
Table 1: Variables and Parameters for model objects 
4.6. Lot Size Range Calculation 
The minimum lot size and maximum lot size set the lower 
and upper limit of the investigated lot size range.  
The minimum lot size is set as the smallest possible lot size 
that can be performed without reducing output or requiring 
additional production time, as described in Equation 4.   
The maximum lot size is set as the lot size corresponding to 
a set up ratio of 1%, indicating that 1% of production time is 
used to perform set-ups, as shown in Eq. 16.  
WT)(
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LS = Lot Size [units] 
V = Production Volume in time frame [units] 
WT = Working Hours in time frame [hours] 
CO = Change-over or Set-up Length [hours] 
The lot sizes in between the min and max values are varied 
in intervals based on container volume.  
4.7. Simulation Run Procedure and Experimental Design 
In the simulation a random number of production job entities 
are created daily. The number of jobs for a single product 
variant varies daily, following a normal distribution. The 
number of entities is set to cover customer orders and the 
expected average scrap rate.  
The research team conducts 100 simulation runs for each lot 
size, each simulation a four week period of factory operation. 
5. Case Study 
A plastics part manufacturing system with five injection 
molding machines and three clear coat paint shops under 
controlled conditions was selected. Due to paint crust on the 
racks after five paint cycles, a rack washer was also simulated 
as a sink.  
5.1. Data Collection 
 
Energy and material measurements were used to determine 
the material depreciation and energy consumption rates per 
operation mode and mode-transition in the model for the sinks 
as listed in Table 2 and Table 3. Factory data, job data, and sink 
data were collected. Technical errors were so rare that no 
information about energy or material consumption in this mode 
was available, and therefore errors are ignored in the model.  
Table 2: Material depreciation date from case study 
No. Sink Operating Mode  Material Depreciation rate  
1 
 
Injection 
Molding 
work rejects 28 kg/h 
2 Injection 
Molding 
Set-upÆwork Start-up losses 5kg/transition 
3 Buffer work Inventory 
shrinkage 
600g/h 
4 Buffer work Packing 
material 
600g/h 
5 Paint Shop work Painted rejects 70 kg/h 
6 Paint Shop work Paint on rack 4,2 kg/h 
7 Washer idle Æwork additives 4,2 L 
8 Washer work filters 2 kg / 
50 Racks 
Table 3: Energy consumption data from case study 
Sink Work Power / Idle Power 
Injection molding 145 kW/ 120 kW 
Paint Shop 420kW/420kW 
Rack Washer 190 kW/120 kW/ 
5.2. Lot Size Range Calculation and Hypothesis 
 
Using the case study specific processing time, set-up time, 
and production volumes, the lot size range for the injection 
molding machines was calculated in accordance with the 
approach in 4.6, yielding a range between 200 and 3000 pieces 
(set-up ratio of 37% - 4%). The paint shop did not have set-ups. 
Rack production jobs followed a workflow of five paint cycles 
and then transport to the washer (also no set-ups).  
The Harris formula (Eq. 1) yielded a recommended lot size 
of 2000 (set-up ratio 5%). The EPEI Formula (Eq.3) yielded an 
optimal injection molding lot size of 900 pieces (set-up ratio 
11%).  The free capacity rule (Eq. 4) yields a lot size of 200 
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(set-up-ratio 37%). The team expected to see lower amounts of 
material waste at higher lot sizes.  
6. Results 
The amount of material lost (kg) is shown relative to the 
total material throughput (kg) during the simulation period in 
Fig. 2.  Startup losses at injection molding (No.2 in Table 3) 
and inventory shrinkage (No. 3 in Table 3) decreased 
significantly at higher lot sizes as pictured in Fig. 2. The sum 
of these two material losses is shown as total scrap. The total 
scrap is 50% higher at the recommended free capacity rule lot 
size, than at the highest lot size. The optimal lot size agrees 
with the theory presented in 3.1.  
 
 
Fig. 2.: Simulated waste generation (waste forms 2 &3)  as a function of  lot 
size for plastics manufacturer 
With all other material waste forms (1; 4-8 in Table 3), no 
significant correlations with lot size were seen. The smallest lot 
size (200) resulted in average waste generation increase of 4% 
over larger lot sizes (not pictured).  
The energy consumption of the production system in the 
four-week period is shown in Fig. 3 as a percentage of a 
reference value. The highest lot sizes yielded the lowest energy 
consumption, indicating that the set-up linked energy 
consumption (e.g. warm up and cool down) was more energy 
intensive than machine idling or warehouse cooling, as shown 
in Fig. 3. 
 
 
Fig. 3.: Simulated energy consumption as a function of  lot size for plastics 
manufacturer 
Results of the simulation at the plastics manufacturer 
support the assumption that large lot sizes are preferable for 
material efficiency. The observed inverse correlation between 
lot size and energy consumption will be investigated in detail 
in further simulations.  
6.1. Model Sensitivity Analysis 
Sensitivity analysis have shown that largest lot sizes are 
more robust to a variation of material deprecation rates in stock 
than smaller lot sizes, despite that the material lost in stock is 
much higher with larger lot sizes. The output of good parts 
itself is manly robust to the material depreciation rate in stock. 
The 100 % confidence interval has a width of approximately 
10 %. The output is sensitivity according to the lot size is in a 
95 % confidential interval also about 10 %, needing additional 
8 % for the 100 % confidence interval.   
7. Outlook 
The simulation results indicate a trade-off for manufacturers 
not only between economy and agility, but also between 
resource efficiency and agility.  
Even if machine hour rates and labor costs are minimized by 
using low-cost machinery, shortened set-up times, or lower 
wages, increased material costs stand as an argument against 
lot size reduction, unless targeted actions are taken to reduce 
set-up related wastage.  
Further factors influencing material efficiency, such as 
industrial hygiene, contamination, production sequences, and 
employee qualification are currently being investigated using 
this method, with the goal of predicting the effectiveness of 
material waste reduction measures. 
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